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(57) ABSTRACT

A method for detecting a short circuit on a multiphase
electrical energy supply network line includes recording
current and voltage sampled values and generating a fault
signal upon a fault evaluation performed by an electrical
protection device indicating a short circuit. Instantaneous
reference voltage values are calculated from instantaneous
current and voltage sampled values recorded before the
short, and instantaneous comparative voltage values are
calculated from instantaneous current and voltage sampled
values recorded before the short and instantaneous current
and voltage sampled values recorded during the short, to
generate a fault signal quickly. Then a rectified reference
voltage value is calculated from consecutive instantaneous
reference voltage values, and a rectified comparative voltage
value is calculated from consecutive instantaneous compara-
tive voltage values. The fault signal is generated if a differ-
ence between rectified comparative voltage and rectified
reference voltage values exceeds a triggering threshold
value. A corresponding electrical protection device is pro-
vided.
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FAST DISTANCE PROTECTION FOR
ENERGY SUPPLY NETWORKS

BACKGROUND OF THE INVENTION
Field of the Invention

The invention relates to a method for detecting a short
circuit on a line of a multi-phase electrical energy supply
network with earthed neutral, in which current and voltage
sampled values are recorded by an electrical protection
device at a measurement point at one end of the monitored
line and a first fault signal indicating a short circuit on the
line is generated if a fault evaluation of the current and
voltage sampled values performed by the electrical protec-
tion device indicates a short circuit present on the line. The
invention also relates to a correspondingly adapted electrical
protection device.

With clear short circuits in electrical energy supply net-
works with earthed neutral, a particularly fast disconnection
of the faulty line must be enabled. Due to the high short-
circuit power, short circuits are particularly dangerous in
such energy supply networks because they subject compo-
nents of the energy supply network, such as lines, trans-
formers, compensation systems, generators, etc, to high
thermal load and may also lead to an “unstable” oscillatory
operation with what are known as electrical oscillations.
These two effects may lead to a permanent network failure
(“blackout™), such that the energy supply is no longer
ensured in specific network areas. So as to ensure the
reliable operation of an energy supply network, a fast
disconnection of the short circuit on the faulty line is
therefore of great interest.

One of the fundamental protection methods for automati-
cally monitoring lines of electrical energy supply networks
is what is known as the distance protection method. An
algorithm frequently used within the scope of distance
protection to detect a short circuit on a line is based on the
measurement of what is known as a short-circuit impedance.
In this case, protection devices measure the impedance as far
as the fault location and use this to determine the removal
(distance) from the fault location. The short-circuit imped-
ance (converted to the fault distance) is used to ascertain
whether the detected short circuit actually lies on the line to
be protected. To this end, the length of the line and the
impedance coverage thereof must be known. If it is ascer-
tained that the short circuit lies on the line to be protected,
the line in question is disconnected and the faulty network
portion is separated from the system. Further compliant
operation of the network is thus ensured.

To perform this distance protection algorithm, current and
voltage signals are sampled and evaluated at measurement
points at each end of the monitored line. The temporal
quantities must then be converted into complex quantities.
This is achieved using filters which are specially designed
for this task, which eliminate the undesired interference
signals (for example DC components) and supply the real
and imaginary part of the current and voltage indicators. In
a simplified manner, the short-circuit impedance can be
calculated on the basis of the complex quantities as the
quotient of the complex voltage and the complex current. If
this short-circuit impedance is less than the known line
impedance, an internal fault is present in the monitored
protection zone of the line.

The distance measurement may furthermore also be per-
formed with the aid of complex “delta quantities” of current
and voltage. These delta quantities can be established by
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comparing the measured values detected before the short
circuit with measured values recorded during the short
circuit. In this case, the portion of the current and voltage
curve generated by the short circuit on the line is evaluated
so to speak.

Both described methods have the disadvantage that,
depending on the size of the measurement window used, a
minimum number of sampled values is necessary to calcu-
late the complex current and voltage values, and therefore a
decision regarding the presence of a short circuit on the line
can only be made with a specific delay.

BRIEF SUMMARY OF THE INVENTION

The object of the invention is therefore to specify a
method and a corresponding protection device in such a way
that a fault signal can be generated even more quickly than
before, in particular in the event of clear faults on a
monitored line.

To achieve this object in terms of the method, a method
of the type specified in the introduction is designed in such
a way that, for fault evaluation of the current and voltage
sampled values, instantaneous reference voltage values are
calculated for a reference point on the line from instanta-
neous current and voltage sampled values recorded before
the occurrence of the short circuit, and instantaneous com-
parative voltage values are calculated for the reference point
on the line from instantaneous current and voltage sampled
values recorded before the occurrence of the short circuit
and instantaneous current and voltage sampled values
recorded during the fault. A rectified reference voltage value
is then calculated from consecutive instantaneous reference
voltage values, and a rectified comparative voltage value is
calculated from consecutive instantaneous comparative volt-
age values. The rectified reference voltage value is com-
pared with the rectified comparative voltage value and a first
fault signal is generated if the difference of the rectified
comparative voltage value and the rectified reference volt-
age value exceeds a triggering threshold value.

A particular advantage of the method according to the
invention lies in the fact that a very fast decision regarding
the presence of a short circuit on the line can be made as a
result of the use of instantaneous values (instead of complex
values) for the reference voltage values and the comparative
voltage values, since it is not necessary to first wait for the
complete length of a measurement window used. Since
rectified values are then generated from these instantaneous
values, the risk of an incorrect decision due to individual
measurement errors or outliers in the sampled values of
current and voltage can be prevented.

Due to the use of the method according to the invention,
in the case of high-current short circuits on the line it is
possible to form a corresponding fault signal after just a few
milliseconds. Since the method functions exclusively with
current and voltage sampled values detected at the local
measurement points, there is no need for communication
with other protection devices (for example at the other end
of the line).

An advantageous development of the method according to
the invention lies in the fact that the instantaneous reference
voltage values are calculated by the following equation:

ip(n) —ip(n—1)

T = Ryeg - ip(n),

Uper (1) = tp(1) — Lygr
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where

U, An): instantaneous reference voltage value;

U, (n)=u(n-N): pre-fault voltage sampled value a network
period before the instantaneous voltage sampled value
u(n);

i,(n)=i(n-N): pre-fault current sampled value a network
period before the instantaneous current sampled value i
(0);

T: period;

N: number of sampled values per period;

n: number of the sampled value after fault occurrence;

L, inductance of the line from the measurement point to
the reference point;

R, resistance of the line from the measurement point to the
reference point.

The reference voltage values can thus be established
merely on the basis of the sampled values detected before
the occurrence of the fault and known line parameters.

In accordance with a further advantageous embodiment of
the method according to the invention, the instantaneous
comparative voltage values are calculated by the following
equation:

Aip(m) - Aipin—1)
T

uy(n) = Autp(n) — Ly = Ryor -Aig(n),

where

u,(n): instantaneous comparative voltage value;

Au,(n): instantaneous delta voltage value after fault occur-
rence;

Aifn): instantaneous delta current value after fault occur-
rence;

L, s inductance of the line from the measurement point to
the reference point;

R,/ resistance of the line from the measurement point to the
reference point;

T: period;

n: number of the sampled value after fault occurrence.
The comparative values can thus be established on the

basis of delta quantities for currents and voltages and the

known line parameters.
Specifically, to establish the delta quantities, the instan-

taneous delta voltage values may be established by the

following equation:

AAufm)=u(n)—u,(n)

where

Au/(n): instantaneous delta voltage value after fault occur-
rence;

u(n): instantaneous voltage sampled value after fault occur-
rence;

u,(n)=u(n-N): pre-fault voltage sampled value a period
before the instantaneous voltage sampled value u(n);

n: number of the sampled value after fault occurrence;

N: number of the sampled values per period,

and the instantaneous delta current values may be estab-

lished by the following equation:

Aidn)=i(n)~i,(n)

where

Aifn): instantaneous delta current value after fault occur-
rence;

i(n): instantaneous current sampled value after fault occur-
rence;

i,(n)=i(n-N): pre-fault current sampled value a period
before the instantaneous current sampled value i(n);
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n: number of the sampled value after fault occurrence;
N: number of the sampled values per period.

The delta quantities can thus be calculated on the basis of
the sampled values recorded before the short circuit and
during the short circuit.

Specifically, with regard to the rectified reference voltage
value and the rectified comparative voltage value, the rec-
tified reference voltage value may further be calculated by
the following equation:

n

2,

k=n—(

(letyer (RO,
)

2
Urg(m) =

=z

where

U,,(n): rectified reference voltage value;

u, Ak): instantaneous reference voltage value for the
sampled value k;

n: number of the sampled value after fault occurrence;

N: number of sampled values per period;

k: summation index,

and the rectified comparative voltage value can be calculated

by the following equation:

n

2
Uym=5 3 uyD

on(3-1)

where
U (n): rectified comparative voltage value;
u,(k): instantaneous comparative voltage value for the

sampled value k;

n: number of the sampled value after fault occurrence;
N: number of sampled values per period;
k: summation index.

It is also considered to be particularly advantageous if the
end of a monitoring zone on the line monitored by the
protection device is used as the reference point.

With this advantageous development of the method
according to the invention, the fault signal can be established
very easily for the complete monitored monitoring or pro-
tection zone on the line (for example 85% of the line length,
starting from the measurement point at which the protection
device in question is located).

In accordance with a further advantageous embodiment of
the method according to the invention, the protection device
detects the start of a short circuit when the recorded current
sampled values have a current jump that exceeds a jump
threshold value, a first initiation signal is generated when the
protection device has detected the start of a short circuit, and
the protection device only starts the fault evaluation of the
current and voltage sampled values once the first initiation
signal is present.

The method according to the invention can thus be
performed in a particularly resource-saving manner, since
the fault evaluation of the current and voltage sampled
values is then only initiated when the protection device has
detected the presence of a short circuit on the line on the
basis of a current jump, and no further processing capacity
otherwise has to be used for the evaluation of the current and
voltage sampled values.

In this regard, in accordance with a further advantageous
embodiment of the method according to the invention, with
the presence of a first initiation signal the protection device
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first examines the current and voltage sampled values to
establish which phase conductor of the line is affected by the
short circuit, a second initiation signal is generated that
indicates at least one phase conductor affected by the short
circuit, and the protection device performs the fault evalu-
ation merely with regard to the at least one phase conductor
indicated by the second initiation signal.

The method can thus be performed with even fewer
resources, since a fault evaluation of the current and voltage
sampled values is merely carried out with regard to the fault
loops actually affected by the short circuit.

In accordance with a further advantageous embodiment of
the method according to the invention, the triggering thresh-
old value is dynamically determined in such a way that the
value of the triggering threshold value decreases at least in
steps with an increasing number of the current and voltage
sampled values used to calculate the rectified comparative
voltage value.

The sensitivity of the method according to the invention
can thus be adapted particularly advantageously to the
number of sampled values forming the basis of the evalu-
ation. With an increasing number of sampled values, the
result of the fault evaluation is specifically more reliable,
and therefore the triggering threshold value used for the
formation of the fault signal can be reduced.

In accordance with a further advantageous embodiment of
the method according to the invention, the instantaneous
current and voltage sampled values are also used to calculate
a complex impedance value of the line monitored by the
protection device, and a second fault signal indicating a
short circuit on the line is generated by the protection device
if the complex impedance value lies within a predefined
triggering area in the complex plane.

A conventional distance protection algorithm, which is
based on the calculation of complex fault impedances, can
thus be performed virtually in parallel with the above-
described method according to the invention. A decision
regarding the presence of a short circuit can thus be made
even more reliably.

Lastly, in this regard and in accordance with a further
advantageous embodiment of the method according to the
invention, as soon as the first or the second fault signal is
present the protection device generates a trigger signal to
trigger a power circuit breaker defining the line.

A fault signal may then be generated even if merely one
of the two distance protection algorithms has detected a
short circuit on the line, and therefore the fastest algorithm
for the specific short circuit event can disconnect the line.
The reliability of the method is thus further increased.

With regard to the protection device, the above-stated
object is achieved by a protection device for monitoring a
line of a multi-phase electrical energy supply network with
earthed neutral for short circuits occurring on the line,
wherein the protection device is adapted to perform a
method according to one of claims 1 to 11.

DESCRIPTION OF THE SEVERAL VIEWS OF
THE DRAWING

The invention will be explained in greater detail herein-
after on the basis of exemplary embodiments. To this end, in
the drawings:

FIG. 1 shows a schematic view of a monitored line of a
multi-phase electrical energy supply network;

FIG. 2 shows three electrical equivalent circuit diagrams
of the monitored line in order to explain the superposition
principle;
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FIG. 3 shows three diagrams with voltage curves in order
to explain the superposition principle;

FIG. 4 shows a diagram with a voltage curve in order to
explain the numerical establishment of delta quantities;

FIG. 5 shows two equivalent circuit diagrams of the
monitored line in order to explain the function of a fast
distance protection algorithm;

FIG. 6 shows a diagram with a voltage curve in the event
of a short circuit on the monitored line;

FIG. 7 shows a diagram in order to explain the dynamic
matching of a triggering threshold value;

FIG. 8 shows three diagrams with current curves in the
event of a short circuit on the monitored line in order to
explain a jump detector; and

FIG. 9 shows a schematic block diagram in order to
explain the operating principle of a loop selection.

DESCRIPTION OF THE INVENTION

FIG. 1 shows a line 10 of a multi-phase electrical energy
supply network not otherwise illustrated in greater detail.
The line 10 is defined at its two ends A and B by power
circuit breakers 11a and 115, via which, in the event of a
fault, the affected phase conductor of the line 10 can be
disconnected. Electrical protection devices 12a and 125 are
provided for this purpose at the line ends A and B at
measurement points 15¢ and 154. Current and voltage
signals recorded at the respective measurement points 154,
1556 by means of merely schematically illustrated current
transformers 13a, 135 and voltage transformers 14a, 14b are
fed to said protection devices.

The protection devices 12a, 125 sample the current and
voltage signals by means of an A/D conversion and perform
a fault evaluation for the current and voltage sampled values
thus generated so as to be able to detect any short circuits 16
on the line 10. In the event of such a short circuit 16, said
short circuit may be either a single-pole short circuit
between a phase conductor and earth or a two-pole or
multi-pole short circuit involving a plurality of phase con-
ductors. If the fault evaluation reveals a short circuit 16 on
the line, a trigger signal S, is thus generated and fed to the
respective power circuit breaker 11qa, 115 so as to allow said
power circuit breaker to open its switching contacts and to
thus disconnect the phase conductor(s) affected by the short
circuit 16 from the rest of the energy supply network.

Such a fault evaluation on the basis of current and voltage
sampled values recorded merely at one end cannot normally
be performed for the complete line length, since the sampled
values established at a measurement point, for example the
measurement point 15a at the line end A, can only be
detected very imprecisely in the event of a short circuit
present in the vicinity of the respective other line end, for
example the line end B, due to the high line impedance from
the measurement point to the fault point. For this reason,
“monitoring zones” or “protection zones”, which specify the
line length starting at the respective measurement point 15a,
155 and are effectively monitored by the protection device
12a or 125, are normally set in the protection devices 124,
125b. Such a monitoring zone 17 is illustrated schematically
in FIG. 1 by a hatching of a part of the line 10 monitored by
the protection device 12a. The length of a monitoring zone
is normally predefined as a parameter in the respective
protection device 12a, 125 as a percentage of the line length;
for example, a monitoring zone may be 85% of the total
length of the line 10. The end 18 of the respective protection
zone 17 is also referred to as a “tip point”.
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Exemplary embodiments for a distance protection method
performed by the protection device 124 at the line end A will
now be explained on the basis of the following figures so as
to quickly detect and isolate a short circuit 16 occurring in
the monitoring zone 17.

The fast distance protection method explained hereinafter
is used for fault evaluation of the current and voltage
sampled values or what are known as delta values, which are
established by the superposition principle, which will there-
fore first be explained briefly hereinafter.

Any linear electrical circuit can be split into a plurality of
equivalent circuits in accordance with the superposition
principle, wherein all equivalent circuits must have the same
passive topologies as the original circuit. In addition, the
electrical sum of all active elements (energy sources and
energy depressions) of the circuits split by the superposition
principle must correspond to the active elements of the
actual starting circuit. An equivalent circuit 20a of the line
10 from FIG. 1 affected by the short circuit 16 is shown in
FIG. 2 (in FIG. 2 like reference signs have been selected for
components corresponding to components from FIG. 1). The
line 10 is fed by voltage sources Eg, and Egg, with
corresponding input impedances Zg , and Zg ;, from both
line ends A, B. The current signal i, and the voltage signal
u, can be tapped at the measurement point 15a. The short
circuit 16 is simulated by closing a switch. The line imped-
ance Z; relates to the entire length of the line 10; the line
impedance from the measurement point 15« at the line end
A to the fault point can accordingly be given by a-Z; (a is the
distance of the line end A from the fault point, based on the
total line length).

The equivalent circuit 20a in FIG. 2 can be split by the
superposition principle into an equivalent circuit 206, which
mirrors the operating state of the line 10 before the occur-
rence of the short circuit 16, and an equivalent circuit 20c,
which shows the changes to the state of the line 10 caused
by the occurrence of the short circuit 16.

The equivalent circuit 205 comprises the voltage sources
B 4 and B 5. The voltage u, is applied at the point at which
the short circuit 16 occurs in the equivalent circuit 20a. The
pre-fault voltage u,, , and the pre-fault current i, , are pres-
ent at the measurement point 15a.

The further equivalent circuit 20c¢ represents the situation
after the change to the network topology. The current and
voltage quantities obtained from this circuit are called delta
quantities Ai,, and Au, ,, since they relate to the changes to
current and voltage caused by the short circuit. These delta
quantities are driven by the notional voltage source -u, at
the fault point, said notional voltage source representing the
short circuit 16.

The equivalent circuit 20q is consequently provided with
an overlay (superposition) of the equivalent circuits 205
(situation before the short circuit) and 20c¢ (changes caused
by the short circuit).

Since, in actual fact, the network topology and its com-
ponents are unknown due to the lack of information regard-
ing the distance a to the fault location, the delta quantities of
currents and voltages cannot be determined from the calcu-
lation of the network circuit. They can be determined,
however, by establishing the difference between the pre-
fault quantities and i, ,, v, , and the fault quantities i, u,,.
In this case, it is assumed that the pre-fault quantities reflect
stable network behavior. FIG. 3 shows the relationship
between fault quantities i, u,, pre-fault quantities i, 4, u,, 4
and delta quantities Ai.,, Au,,, again in the form of three
diagrams 30a, 305 and 30c. In this case, the diagram 30a
shows the temporal curve of the actual voltage u, measured
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at the measurement point 15a before and after the occur-
rence of the short circuit at t=0. The diagram 305 shows the
situation as if no fault has occurred, and thus relates merely
to the curve of the pre-fault quantities u,, , whereas the curve
of the delta voltage Au, shown in diagram 30c relates
exclusively to the changes produced by the short circuit. If
the curves of the pre-fault quantities u,, , and delta quantities
Au,, are added together, the curve of the voltage u , actually
detected at the measurement point 15« is in turn given, and
the respective delta quantities can therefore be calculated by
establishing the difference between the curves for the volt-
age u, and the pre-fault voltage u,, ,.

The procedure during the practical calculation of the delta
quantities for current and voltage is illustrated in greater
detail in FIG. 4. FIG. 4 shows a diagram 40, in which the
curve of the voltage u, actually detected at the measurement
point 15a is illustrated by a broken line. It can be seen that
the voltage u, falls suddenly with the start of the short circuit
at t=0 and then progresses with an accordingly lower ampli-
tude. The (notional) curve of the pre-fault voltage u,, , after
the occurrence of a fault at t=0 is plotted by means of the
dashed line and would be produced if no short circuit had
occurred at t=0. The value of the respective pre-fault voltage
u,, , can be established by means of a temporal shift along
the time axis by a full oscillation period T (or a multiple of
a full oscillation period), as is indicated by an arrow 31 in
FIG. 3. The following relationship is consequently true for
the pre-fault voltage:

u,, ((O=u(-T).

In practice, the detected sampled values consequently
have to be stored in the protection device 12a (see FIG. 1)
performing the fault evaluation for the duration of at least
one full oscillation period so as to be able to calculate the
curve of the notional pre-fault quantities u,, ,. As can also be
deduced from FIG. 3, the curve of the delta voltage Au, ,, as
indicated by further arrow 32, can be determined by estab-
lishing the difference as follows

Aufﬂ(l):upﬂ(l)—uA(l).

There is also a mathematical link between the pre-fault
quantities and the delta quantities, namely the voltage u, at
the fault point, which can be determined from the two
quantities. This notional voltage source is the deciding factor
for the distance determination of the fault:

U=ty —aly iy
and

up=Auy =aZpNip,

wherein, as explained above, u, and i, are measurable
quantities and Au,, and Ai,, are calculated quantities.

An unknown quantity, however, is the impedance aZ; as
far as the fault point, which reflects the short-circuit point of
the network. So as to decide whether the short circuit lies in
the region to be protected (monitoring zone 17, see FIG. 1),
asetting 7, -for a reference point 18, which advantageously
lies at the end of the monitoring zone 17, has to be
introduced and thus determines the corresponding monitor-
ing zone. This setting Z,,-can be integrated into the calcu-
lation such that it is possible to determine the fault position
in such a way that faults within the monitoring zone can be
distinguished from faults outside the monitoring zone. With
regard to the pre-fault voltages, a notional reference voltage
at the end of the set monitoring zone can thus be calculated
before the occurrence of a fault by means of the setting Z,,.
On the other hand, a notional comparative voltage can also
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be determined at the fault point with use of the setting Z,,
and the delta voltages, and would be present if the fault were
to occur at the end of the monitoring zone. The following
conclusions can be drawn from the analysis of the two
calculated voltages:

If the short circuit is located at the end of the monitoring
zone (aZ;=Z,..), the values for the reference voltage
and the comparative voltage (almost) match.

If the short circuit is located in the monitoring zone
(aZ,<Z,.p), the comparative voltage calculated from the
delta voltages is greater than the reference voltage.

If the fault is located outside the zone (aZ;>Z,, or)
aZ,<0, the reference voltage is greater than the com-
parative voltage given from the delta voltages.

The delta quantities may thus be helpful for the distance
measurement. So as to have no time delay with the method
based on the delta quantities due to the use of time windows
for the calculation of complex quantities, the method is
implemented in terms of time with instantaneous values. In
this case, it is not necessary to convert pre-fault quantities
and delta quantities into the complex form. The decision
made by the protection device regarding the presence of a
short circuit can thus be accelerated because there is no need
to wait until a measurement window has been filled with
measured values and the complex quantities can be calcu-
lated. Similarly to the previously described procedure, the
instantaneous reference voltage values and the instantaneous
comparative voltage values are first established. This estab-
lishment process will be explained on the basis of the
equivalent circuits 50a and 505 shown in FIG. 5.

The calculation of the reference voltage u,, can be
explained on the basis of the equivalent circuit 50a in FIG.
5. This equivalent circuit reflects the pre-fault quantities.
The reference voltage u,,, is determined by means of the
following equation based on the sampled values n:

ip(n) = ip(n—1)

T = Ryep - ip(n),

Urer (1) = tp () — Lygr
wherein the impedance Z,, -has been replaced by the equiva-
lent inductance L, . and the resistance R, . Furthermore,
u,(n)=u(n-N) means a pre-fault voltage sampled value,
which has occurred a period T before the instantaneous
voltage sampled value u(n), and i (n)=i(n—-N) means a
pre-fault current sampled value, which has occurred a period
T before the instantaneous current sampled value u(n). The
number of sampled values per period is N. The index n
stands for the number of the sampled value after fault
occurrence.

For fault evaluation, a comparative voltage u, given from
the delta quantities (that is to say the changes caused by the
short circuit) of current and voltage at the end of the
monitoring zone set by the impedance Z,, . This comparative
voltage u,, can be calculated by means of the equivalent
circuit 505 from FIG. 5. In this case, the delta quantities first
have to be established as the difference of the instantaneous
sampled values and the corresponding pre-fault sampled
values, that is to say the stored sampled values, which were
detected an oscillation period (or a plurality thereof) before
the current sampled values. The comparative voltage based
on the sampled values n is given by means of these delta
quantities Au,and Ai.as follows:

Aip(m) - Aipin—1)
T

i0y(1) = Mg () — Lyey — Reeg - Al (),

The illustrated equations for u,, .and u, initially only allow
a calculation of instantaneous values, which are too impre-
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cise for fault evaluation, since they could be tainted by
measurement errors, outliers or random fluctuations. Instan-
taneous values therefore do not provide a reliable basis for
fault evaluation. For this reason, it is proposed to perform
the assessment on the basis of rectified values of the refer-
ence voltage u,,and the comparative voltage u,. The rec-
tified reference voltage U, is established as follows:

n

ey () = % >

on(3-1)

(letres (KD

where
U,,(n): rectified reference voltage value;
u, Ak): instantaneous reference voltage value for the

sampled value k;

n: number of the sampled value after fault occurrence;
N: number of sampled values per period;
k: summation index.

So as to shorten the calculation and thus increase the
speed of the method, the rectified reference voltage can be
determined during a half network period. Since the rectified
reference voltage remains constant before the occurrence of
a fault, it can be measured without difficulty.

The rectified comparative voltage U, is accordingly deter-
mined by the following equation:

n

2
Uym=5 3 uyD

on(3-1)

where
U (n): rectified comparative voltage value;
u, (k): instantaneous comparative voltage value for the

sampled value k;

n: number of the sampled value after fault occurrence;
N: number of sampled values per period;
k: summation index.

This means that the method with a sampling frequency of
1 kHz requires at most 10 sampled values so as to be able
to determine the rectified comparative voltage U,. The
decision with regard to a short circuit located on the line can
consequently be met after a maximum of 10 sampled values,
whereby a considerable increase in speed is achieved.

The result of the fault assessment for a single-pole short
circuit within the monitoring zone is illustrated in FIG. 6. In
FIG. 6, the temporal curves of the voltage u actually
measured at the measurement point 15a (see FIG. 1), the
rectified reference voltage U, -and the rectified comparative
voltage U, are illustrated in a diagram 60. Up to the
occurrence of the short circuit at t=0, the values for the
rectified reference voltage U, -and the rectified comparative
voltage U, match, that is to say the difference between the
two lies below a triggering threshold value. By contrast, an
increase in the rectified comparative voltage U, can already
be seen shortly after the occurrence of the short circuit at the
point 61, whereas the rectified reference voltage U, con-
tinues to remain constant, since it is formed on the basis of
the pre-fault quantities. The difference of the rectified ref-
erence voltage and the rectified comparative voltage there-
fore exceeds the triggering threshold value for the first time
at the point 61, and a corresponding fault signal to discon-
nect the line is generated.

It can be seen on the basis of the curve of the rectified
comparative voltage U, in FIG. 6 that a certain number n of
sampled values is always required to exceed the triggering
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threshold value in the event of short circuits within the
monitoring zone. Nevertheless, with the example according
to FIG. 6, a decision can be made within a length of time
below a half period.

To summarize, it can be found that the presented method
for detecting a short circuit on a line of an electrical energy
supply network advantageously uses a fault evaluation on
the basis of rectified values of the instantaneous reference
voltage u,,, and the comparative voltage u,. Compared to
instantaneous values, the use of rectified values has the
advantage that a much more reliable decision with regard to
a short circuit within the monitoring zone is possible, since
outliers of individual sampled values do not immediately
lead to a possible erroneous triggering. In addition, short-
term measurement errors after the occurrence of an external
short circuit, that is to say a short circuit located outside the
monitoring zone, cannot lead directly to an erroneous trig-
gering and therefore have a weaker influence on the behav-
ior of the fault evaluation. In addition, it can be ensured that
the accuracy of the fault evaluation is not influenced so
heavily, even with an imprecise specification of the line
parameters.

The characteristics of the triggering threshold value illus-
trated in FIG. 7 can additionally be used to stabilize the
decision of the fault evaluation. To this end, FIG. 7 shows
what is known as a triggering characteristic 70, which shows
the progression of the triggering threshold value (which is
given in the triggering characteristic 70 by a positive com-
ponent 71a and a negative component 715) with an increas-
ing number n of sampled values of current and voltage used
to calculate the rectified comparative voltage U,. The
hatched region 72a above the positive component 71a of the
triggering threshold value shows the range for the difference
of the rectified reference voltage U, . and the rectified
comparative voltage U, within which an internal short
circuit within the monitoring zone is established, whilst the
region 72b below the negative component 715 of the trig-
gering threshold value indicates an external short circuit
located outside the monitoring zone. By contrast, a clear
conclusion cannot be made within the intermediate region
arranged between these two regions 72a and 725b. It can be
seen that the intermediate region 73, within which a decision
is not possible, decreases in steps with an increasing number
n of sampled values of current and voltage used for the fault
evaluation, since the value of the rectified comparative
voltage U, can be determined in an increasingly reliable
manner with an increasing number of sampled values, and
therefore the reliability of the entire fault evaluation
increases.

Three curves 74a-74c of the difference of the rectified
comparative voltage U, and the rectified reference voltage
U, are illustrated by way of example in FIG. 7. The curve
74a assumes negative values early on and ultimately leads to
the detection of an external fault at the point 75a. The curve
74b assumes positive values immediately after fault occur-
rence and leads rather early to the detection of an internal
short circuit on the monitored line at point 754. By contrast,
the curve 74c¢ initially assumes negative values, then posi-
tive values and ultimately leads at point 75¢ to a detection
of an internal short circuit on the monitored line.

Besides the number of sampled values used for the fault
evaluation, further factors may also determine the progres-
sion of the triggering threshold value (not illustrated in FIG.
7). For example, the region 73 within which a decision
cannot be made may be larger, the greater the amount of
interference present, for example in the form of harmonic
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components or frequency deviations with regard to the
detected currents and voltages.

The described method can be performed with fewer
resources as a result of the fault evaluation of superposed
measures, and therefore the amount of processor capacity
that a data processing device (CPU, DSP) of a protection
device has to apply to perform the fault evaluation can be
reduced. To this end, an examination as to whether a short
circuit is actually present on the line can first be carried out
merely on the basis of simple criteria. To this end, what is
known as a jump detector is used, which examines the
phase-to-phase currents of the respective phase conductors
or values derived from the phase-to-phase currents (for
example delta quantities based on the phase-to-phase cur-
rents, possibly in rectified form) for any current jumps and
provides a first initiation signal if such a current jump, that
is to say a change in current exceeding a current threshold
value, has been detected.

In this regard, FIG. 8 shows a current curve I, detected by
a jump detector; the indices ¢ and 1 are used in this instance
as wildcards for the individual phase conductors in question
(phase 1, phase 2, phase 3) of the 3-phase line. In a first
diagram 81, the current curve of the phase-to-phase current
1,_, for the phase conductors phase 1 and phase 2 is thus
illustrated in a dashed line. In the diagram 82, the phase-
to-phase current I, ; for the phase conductors phase 2 and
phase 3 is illustrated in a dashed line, whilst, lastly in
diagram 83, the phase-to-phase current I, , for the phase
conductors phase 3 and phase 1 is illustrated in a dashed line.
Respective jump threshold values I, ,* 1, ;* I * are
shown by the dashed line in each of the individual diagrams
81, 82, 83, wherein, in the exemplary embodiment according
to FIG. 8, these jump threshold values are dynamically
matched for example to the quantity of the flowing zero
current to stabilize the jump detection.

It is assumed in the exemplary embodiment according to
FIG. 8 that the phase 1 is affected by a single-pole short
circuit. Accordingly, the current curves I, , in diagram 81
and I; | in diagram 83 at the points 84 and 85 demonstrate
an infringement of the threshold value, whereas, in diagram
82, the current curve I, ; remains considerably below the
curve of the jump threshold value 1, ;*. In this example with
infringement of the corresponding jump threshold values at
points 84 and 85, the jump detector releases a first initiation
signal, which for example can be used as a trigger signal for
the subsequent fault evaluation of the current and voltage
sampled values. If a first initiation signal is not generated by
the jump detector, there is accordingly also no evaluation of
the current and voltage sampled values in terms of a short
circuit on the line, and therefore considerable processor
resources of the CPU of the protection device can be saved
as a result of the upstream arrangement of the jump detector.

A further option for saving processor power during the
fault evaluation lies in performing, with the presence of the
first initiation signal, a loop detection with which the respec-
tive loop affected by the short circuit (for example phase
1-earth or phase 2-phase 3) can be detected and the evalu-
ation of the current and voltage sampled values can then be
performed exclusively for the detected fault loop.

This will be explained in greater detail on the basis of
FIG. 9.

To this end, FIG. 9 shows a block diagram of the
operating principle of a loop detection function. A first
initiation signal S , | generated by the jump detector is fed to
a first processing block 91. The first initiation signal S, is
therefore used as a trigger so to speak to start the loop
detection and means that sampled values u and i additionally
present are read in at the first processing block 91. Rectified
delta quantities of the currents and voltages are then calcu-
lated in the first processing block 91 and fed to a second
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processing block 92. The second processing block 92 per-
forms various threshold value comparisons with regard to
the delta quantities obtained from the current sampled
values.

The result of this call-up is forwarded to a third processing
block 93, which examines the results obtained in the second
processing block 92 on the basis of further checks with
regard to delta quantities obtained from the current and/or
voltage sampled values. If the results from the second
processing block 92 can be confirmed during the examina-
tion in the third processing block 93, the third processing
block 93 thus releases a second initiation signal S, ,, which
indicates the fault loop affected by the short circuit.

To test for a single-pole phase-to-earth short circuit, the
following condition can be checked in the second processing
block 92 for example (the indices ¢, { and y are used in this
instance as wildcards for the naming of the three phases of
the line):

ALy >ky, AL, AND Al >k,

wpp

Ay, AND Alygzkly,.

In this case, 15, stands for the zero system voltage, k with
various indices stands for predefined comparative param-
eters. If the aforementioned condition is met, a correspond-
ing intermediate signal is delivered to the third processing
block 93. The third processing block 93 then reviews the
result of the second processing block 92, for example by
checking the following condition:

AU, >E,

oo AUy OR (AL, >k, AL AND AL, >k,,-AL).

If this condition is met, the third processing block 93
confirms the results of the second processing block 92 and
delivers a second initiation signal S,,,,, such that the loop
“phase 1p-earth” is indicated as being affected by the short
circuit.

During the loop selection process, the following condition
may also be reviewed in the block 92:

ALy >kipy AL,

wp

. AND AL, >k,

o Dy

If this condition is met, the processing block 92 thus
delivers a corresponding intermediate signal to the process-
ing block 93. This performs a revision on the basis of the

following condition:
AU,y >k, AU,

If this is met, a second initiation signal S,,, which
indicates that the loop “phase 1-phase ¢~ is affected by the
fault is thus delivered by the third processing block 93.

The following condition is also checked in the third
processing block 93:

AU, >k, =AU,

If this condition is met, a second initiation signal S, , which
indicates that the loop “phase y-earth” as being affected by
the fault is thus emitted.

In addition, the third processing block 93 performs the
following check:

AUk A,

If this condition is met, a second initiation signal S,
which indicates that the loop “phase ¢-earth” as being
affected by the fault is thus emitted.

Due to the reviews performed during the phase selection,
the loop actually affected by the fault can be specified very
reliably, and therefore the evaluation of the current and
voltage sampled values merely has to be carried out with
regard to the faulty loop specified by the loop selection.

Lastly, a “conventional” distance protection method may
also be carried out in parallel with the described fault
evaluation, said conventional distance protection method
determining the short-circuit impedances on the basis of
complex current and voltage values and comparing these
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with predefined triggering areas. The algorithm that first
detects an internal short circuit in the monitoring zone of the
line delivers a corresponding fault signal, which is converted
by the protection device in question into a trigger signal to
trigger the corresponding power circuit breaker. It can thus
be ensured that clear short circuits, with which the rectified
reference voltage and the rectified comparative voltage
differ vastly from one another, lead to a rapid triggering with
the fault evaluation process presented herein, whereas, with
less clear short circuits, for example in the immediate
vicinity of the tip points, it is possible to revert to the
reliability of the consequently slower conventional distance
protection method.

The invention claimed is:

1. A method for detecting a short circuit on a line of a
multi-phase electrical energy supply network with grounded
neutral, the method comprising the following steps: record-
ing current and voltage sampled values at a measurement
point at one end of the monitored line by an electrical
protection device; generating a first fault signal indicating a
short circuit on the line if a fault evaluation of the current
and voltage sampled values performed by the electrical
protection device indicates a short circuit present on the line;
and performing the following steps for fault evaluation of
the current and voltage sampled values: calculating instan-
taneous reference voltage values for a reference point on the
line from instantaneous current and voltage sampled values
recorded before an occurrence of the short circuit; calculat-
ing instantaneous comparative voltage values for the refer-
ence point on the line from instantaneous current and
voltage sampled values recorded before the occurrence of
the short circuit and instantaneous current and voltage
sampled values recorded during the short circuit; calculating
a rectified reference voltage value from consecutive instan-
taneous reference voltage values and a rectified comparative
voltage value from consecutive instantaneous comparative
voltage values; comparing the rectified reference voltage
value and the rectified comparative voltage value; generat-
ing the first fault signal if a difference between the equiva-
lent comparative voltage value and the rectified reference
voltage value exceeds a triggering threshold value; and
calculating the rectified reference voltage value by the
following equation: U ref (n)=2 Nk=n-(N2-1)n(u ref (k))
##EQUO0011## where U.sub.ref(n): rectified reference
voltage value; u.sub.ref(k): instantaneous reference voltage
value for the sampled value k; n: number of the sampled
value after fault occurrence; N: number of sampled values
per period; k: summation index; and calculating a rectified
comparative voltage value in accordance with the following
equation: UV (n)=2Nk=n-(N2-1) n(uV(k)) #EQUO0012##
where U.sub.v(n): rectified comparative voltage value;
u.sub.v(k): instantaneous comparative voltage value for the
sampled value k; n: number of the sampled value after fault
occurrence; N: number of sampled values per period; and k:
summation index.

2. The method according to claim 1, which further com-
prises calculating the instantaneous reference voltage values
by the following equation:

ip(n) —ip(n—1)

T = Ryeg - ip(n),

Uper (1) = tp(1) — Lygr
where
u, {n): instantaneous reference voltage value;
u,,(n)=u(n-N): pre-fault voltage sampled value a period
before the instantaneous voltage sampled value u(n);
i,(n)=i(n-N): pre-fault current sampled value a period
before the instantaneous current sampled value i(n);
T: period;
N: number of sampled values per period;
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n: number of the sampled value after fault occurrence;
L, s inductance of the line from the measurement point to
the reference point; and
R, resistance of the line from the measurement point to
the reference point.
3. The method according to claim 1, which further com-
prises calculating the instantaneous comparative voltage
values by the following equation:

Aif(n) - Aif(n—1)
T

i0y(1) = Mg () — Lyey — Reeg - Al (),

where
u,(n): instantaneous comparative voltage value;
Au/n): instantaneous delta voltage value after fault occur-
rence;
Ai/n): instantaneous delta current value after fault occur-
rence;
L, s inductance of the line from the measurement point to
the reference point;
R, resistance of the line from the measurement point to
the reference point;
T: period; and
n: number of the sampled value after fault occurrence.
4. The method according to claim 3, which further com-
prises establishing the instantaneous delta voltage values by
the following equation:

Aufn)=u(n)-u,(n)

where

Au,(n): instantaneous delta voltage value after fault occur-
rence;

u(n): instantaneous voltage sampled value after fault
occurrence;

u,(n)=u(n-N): pre-fault voltage sampled value, a period
before the instantaneous voltage sampled value u(n);

n: number of the sampled value after fault occurrence;

N: number of the sampled values per period; and

establishing instantaneous delta current values by the
following equation:
Aidn)=i(n)~i,(n)

where

Ai/n): instantaneous delta current value after fault occur-
rence;

i(n): instantaneous current sampled value after fault
occurrence;

1,(n)=i(n-N): pre-fault current sampled value a period
before the instantaneous current sampled value i(n);

n: number of the sampled value after fault occurrence; and

N: number of the sampled values per period.

16

5. The method according to claim 1, which further com-

prises using an end of a monitoring zone on the line
monitored by the protection device as the reference point.

6. The method according to claim 1, which further com-

5 prises:
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detecting a start of a short circuit with the protection
device when the recorded current sampled values have
a current jump exceeding a jump threshold value;

generating a first initiation signal upon the protection
device detecting a start of a short circuit; and

only starting the fault evaluation of the current and
voltage sampled values with the protection device once
the first initiation signal is present.

7. The method according to claim 6, which further com-

prises:

upon the presence of a first initiation signal, first exam-
ining the current and voltage sampled values with the
protection device to establish which phase conductor of
the line is affected by the short circuit;

generating a second initiation signal indicating at least
one phase conductor affected by the short circuit; and

performing the fault evaluation with the protection device
merely with regard to the at least one phase conductor
indicated by the second initiation signal.

8. The method according to claim 1, which further com-

prises dynamically determining the triggering threshold
value in such a way that a value of the triggering threshold
value decreases at least in steps with an increasing number
of the current and voltage sampled values used to calculate
the rectified comparative voltage value.

9. The method according to claim 1, which further com-

prises:

additionally using the instantaneous current and voltage
sampled values to calculate a complex impedance value
of the line monitored by the protection device; and

generating a second fault signal indicating a short circuit
on the line with the protection device if the complex
impedance value lies within a predefined triggering
area in a complex plane.

10. The method according to claim 9, which further

comprises generating a trigger signal with the protection
device as soon as the first or the second fault signal is
present, to trigger a power circuit breaker defining the line.

11. A protection device for monitoring a line of a multi-

phase electrical energy supply network with grounded neu-
tral for short circuits occurring on the line, the protection
device configured to perform the method steps according to
claim 1.



